Plant cells are embedded within cell walls, which provide structural integrity, but also spatially constrain cells, and must therefore be modified to allow cellular expansion. The long-standing acid growth theory postulates that auxin triggers apoplast acidification, thereby activating cell wall-loosening enzymes that enable cell expansion in shoots. Interestingly, this model remains heavily debated in roots, because of both the complex role of auxin in plant development as well as technical limitations in investigating apoplastic pH at cellular resolution. Here, we introduce 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS) as a suitable fluorescent pH indicator for assessing apoplastic pH, and thus acid growth, at a cellular resolution in Arabidopsis thaliana roots. Using HPTS, we demonstrate that cell wall acidification triggers cellular expansion, which is correlated with a preceding increase of auxin signaling. Reduction in auxin levels, perception, or signaling abolishes both the extracellular acidification and cellular expansion. These findings jointly suggest that endogenous auxin controls apoplastic acidification and the onset of cellular elongation in roots. In contrast, an endogenous or exogenous increase in auxin levels induces a transient alkalinization of the extracellular matrix, reducing cellular elongation. The receptor-like kinase FERONIA is required for this physiological process, which affects cellular root expansion during the gravitropic response. These findings pinpoint a complex, presumably concentrationdependent role for auxin in apoplastic pH regulation, steering the rate of root cell expansion and gravitropic response.
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apoplastic pH | auxin | cellular expansion | root growth | root gravitropism P lant cells are surrounded by a rigid cell wall, which provides form and stability, enabling plants to grow to extreme heights despite the absence of a skeleton. However, these advantages come with the price that plant cells are encased within the stiff cell wall matrix, which must be remodeled to allow for cellular elongation. How cell walls are modified to enable cellular expansion has been of scientific interest since the 1930s, as insight into this physiological process would provide a wealth of knowledge on how plants grow (1) . In the early 1970s, a physiological mechanism explaining cell expansion, the acid growth theory, was proposed (2) (3) (4) . This theory postulates that the plant hormone auxin triggers the activation of plasma membrane (PM)-localized H + -ATPases (proton pumps), resulting in acidification of the intercellular space (apoplast). The reduction in apoplastic pH activates cell wallloosening enzymes, which, in concert with turgor pressure, enables cellular expansion (1) . Auxin was the first plant hormone shown to be involved in processes important for plant growth and development, including tissue growth, apical dominance, wound response, flowering, and tropisms, such as the gravitropic response (5) . Auxin is known to play a complex role in plant growth regulation, as it can both stimulate and inhibit tissue expansion, depending on the tissue and its concentration (6) (7) (8) . A positive effect of auxin on growth was hypothesized by the acid growth theory (1) . Subsequent literature provided significant insight into the molecular mechanisms of auxin-triggered acid growth in shoots (9) (10) (11) (12) (13) . However, in roots, the acid growth theory remains the subject of debate. On one hand, several studies report the stimulating effect of apoplast acidification on cell expansion in roots, as well as the requirement of functional PM H + -ATPases for root growth (14) (15) (16) . On the other hand, high auxin concentrations are known to inhibit root cell expansion and overall root growth (8, 17) . Moreover, exogenous auxin application has been described to trigger apoplast alkalization in roots, which is the opposite effect as in shoots (18) (19) (20) . Notably, a recent study provides substantial transcriptomic insight into auxin-triggered cell wall modification and cell expansion in Brachipodium distachion roots (21) . However, the authors also observed that medium acidification does not correlate with root cell elongation (21) . Notably, most of the aforementioned studies indirectly investigated apoplast acidification by measuring pH alterations in the medium, thereby failing to directly assess the apoplastic pH at cellular resolution. The discrepancies in the current literature point to a complex role for auxin in apoplastic pH homeostasis and highlight the need to reassess the acid growth theory at the cellular level.
Here, we introduce 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS) as a suitable fluorescent pH indicator for assessing apoplastic pH at a cellular resolution. Using HPTS, we dissected the apoplastic pH dynamics in A. thaliana roots and show that root cell expansion correlates with its acidification and increased nuclear auxin signaling. In agreement, interference with endogenous auxin levels or signaling abolishes acidification and elongation. However, we also find that exogenous and endogenous increases in cellular auxin accumulation lead to a transient alkalization of the apoplast, correlating with the inhibition of root cell expansion. A significant proportion of this transient alkalization
Significance
Cellular growth in plants is constrained by cell walls; hence, loosening these structures is required for growth. The longstanding acid growth theory links auxin signaling, apoplastic pH homeostasis, and cellular expansion, providing a conceptual framework for cell expansion in plant shoots. Intriguingly, this model remains heavily debated for roots. Here, we present a fluorescent dye that allows for the correlation of cell size and apoplastic pH at a cellular resolution in Arabidopsis thaliana. This enabled us to elucidate a complex involvement of auxin in root apoplastic pH homeostasis, which is important for root cell expansion and gravitropic response. These findings shed light on the poorly understood acid growth mechanism in roots. is dependent on the receptor-like kinase FERONIA. Taken together, our data suggest a complex role of auxin in apoplastic pH regulation, which is important for root organ growth and gravitropic response.
Results

HPTS Enables the Assessment of Apoplastic pH at a Cellular Resolution.
To efficiently dissect acid growth in A. thaliana roots, we aimed to identify a fluorescent dye that would enable the assessment of apoplastic pH with a cellular resolution. We screened the literature for nontoxic, fluorescent, pH-sensitive dyes that are also water soluble so they would easily penetrate the root apoplast, but not enter the root cells (22) . Our search identified HPTS as a suitable candidate to assess apoplastic pH in A. thaliana roots. HPTS is a water-soluble fluorescent dye displaying pH-dependent spectral characteristics (23) . This fluorescent pH indicator has been previously described to be suitable for the pH assessment of neuronal organelles, as well as liposomes designed for drug delivery (24) (25) (26) . In plants, HPTS has been used to define the pH of extracted apoplastic fluid from plant tissues (27, 28) .
To test whether HPTS can be used to directly assess apoplastic pH with a cellular resolution in planta, we immersed 4-d-old seedlings in HPTS containing liquid growth medium for 30 min and imaged roots, hypocotyls, and cotyledons, using confocal microscopy ( Fig. S1A) . The protonated and deprotonated forms of HPTS were visualized in 2 different channels with excitation wavelengths of 405 and 458 nm, respectively. The signal was restricted to the apoplastic area, confirming that the cells do not take up HPTS (Fig.  S1A ). This is crucial for the specific assessment of pH in the cell wall.
Next, we tested whether HPTS can reliably record pH changes. We therefore adjusted the apoplastic pH of 4-d-old seedlings by incubating them for 30 min in HPTS containing liquid growth medium with different pH levels, and imaged them as described earlier. Dividing the signal intensity of the 458-nm channel by the 405-nm channel for each pixel resulted in a ratiometric image from which the intensity values correlate with the apoplastic pH (Fig.  S1B ). We designed a custom-made Fiji (29) script to enable fast and consistent ratiometric image conversion with an easy color codebased read out (Dataset S1). Indeed, increases in the pH of the media led to an increase in the apoplastic pH, as indicated by the 458/405 ratio (Fig. S1B ). This indicates that HPTS is suitable to detect exogenously imposed apoplastic pH changes.
Next, we tested whether HPTS allows for the detection of physiological changes in apoplastic pH. To accomplish this, we pharmacologically modulated the activity of the PM-localized H + -ATPases and analyzed the 458/405 ratio after HPTS staining and imaging. Fusicoccin treatment, which activates the PM H + -ATPases (30) , resulted in decreased 458/405 ratio values, suggesting a decrease in apoplastic pH (Fig. 1A) . To test whether we can also measure an increase in apoplastic pH, we used N,N′-dicyclohexylcarbodiimide (DCCD), which is a chemical known to inhibit the proton-conducting activity of H + -ATPases, including the PM H + -ATPases (31). DCCD treatment gave rise to higher 458/405 values, indicating a higher apoplastic pH (Fig. 1B) . Finally, we used HPTS to measure apoplastic pH on genetic perturbation by analyzing OPEN STOMATA 2 (ost2-2) mutant seedlings. The ost2-2 mutant expresses the constitutively active PM H + -ATPase AHA1 (32) . Compared with WT seedlings, ost2-2 mutants displayed lower 458/405 values (Fig. 1C) , confirming the apoplastic acidification in ost2-2 mutants (29) . These data show that HPTS is able to report on physiological changes in apoplastic pH.
To obtain a reliable measure of the apoplastic pH in Arabidopsis roots, we performed an in vivo calibration of the HPTS dye. For this, we stained 4-d-old seedlings for 30 min in HPTS and rinsed the roots with medium adjusted to pH values between 4.6 and 6.4. The 458/405 ratios were used to plot a calibration curve from which a best-fitting regression curve was calculated (Fig. S2) . Although we cannot exclude the possibility that a potential buffering capacity of the root (33) affects our measurements, these shortterm treatments allowed us to approximate an absolute pH value of 5.4 in the cell wall of meristematic cells ( Fig. 1 E and F) . Accordingly, we conclude that HPTS is a suitable dye for assessing apoplastic pH in Arabidopsis roots at a cellular resolution.
Apoplastic pH Determines Cellular Expansion in A. thaliana Roots. Having established an accurate method for assessing apoplastic pH, our next step in dissecting acid growth in A. thaliana roots was to determine the relationship between apoplastic pH and root cell expansion. Several studies have reported a stimulating effect of apoplast acidification on root cell expansion in maize, pea, and bean (14, 15) . To assess apoplastic pH dynamics in A. thaliana roots, we measured the epidermal cell length of root cells, beginning at the height of the quiescent center, and recorded their corresponding apoplastic pH (Fig. 1 D-G) . Under our growth and experimental conditions, cells in the meristematic zone harbor an approximate apoplastic pH of 5.4. During cellular elongation, we observed that the apoplastic pH decreases below pH 5 (Fig. 1 D-G) . When root cells reach their final length in the differentiation zone, the apoplastic pH increases again, suggesting apoplast acidification only occurs in elongating cells ( Fig. 1F and Fig. S1C ).
This correlation led us to test whether apoplast acidification induces root cell elongation. Therefore, we transferred 4-d-old seedlings (grown on standard medium with pH 5.8) to growth medium with a pH of 4.6 for 2.5 h. These seedlings displayed longer epidermal cells in the distal (late) meristem (the last 4 cells of the meristem) compared with seedlings transferred to control medium with a pH of 5.8 ( Fig. 1I ). These data indicate that exogenously imposed apoplast acidification is sufficient to trigger root cell expansion. Seedlings transferred to pH 4.6 medium also display longer epidermal cells in the proximal (early) meristem and differentiation zone compared with control seedlings, indicating that these cells are also responsive to exogenously imposed apoplast acidification ( Fig. S3 A and B) . We next tested the opposite response: whether apoplast alkalization can inhibit cell elongation. Indeed, seedlings transferred to pH 6.4 medium for 2.5 h displayed shorter epidermal cells in the distal meristem compared with seedlings transferred to control medium (Fig. 1I ). These data indicate that apoplast acidification correlates with and affects root cell expansion in A. thaliana. We note that, in this study, we focus on epidermal root cells in the stage just before elongation. From here on, the term root epidermal cells comprises the root epidermal cells in the distal meristem (including the last four cells of the meristem).
After having established that our dye faithfully reports pH changes, we studied the relationship between cell elongation and apoplastic pH. To test whether root cell elongation is affected by a physiological change in apoplastic pH, we treated seedlings with fusicoccin for 19 h and observed longer epidermal root cells compared with in mock-treated seedlings (Fig. 1J ). In agreement with this, ost2-2 mutant seedlings, which had a lower apoplastic pH compared with WT seedlings (Fig. 1C) , also displayed longer root epidermal cells compared with WT seedlings (Fig. 1K ). Even though DCCD treatment significantly increased the root apoplastic pH (Fig. 1B) , we did not observe differences in cell length under our growth and experimental conditions (Fig. S3D ). However, previous literature reports an inhibiting effect of DCCD on root cell elongation in A. thaliana roots (34) . Altogether, our data show that apoplast acidification and alkalization promotes and inhibits epidermal root cell expansion, respectively.
Auxin Signaling Affects Apoplastic pH Regulation. The phytohormone auxin has been shown to be indispensable for plant growth and development because of its involvement in a broad spectrum of plant developmental processes (35) . In plant aerial tissues, auxin is known to trigger the activation of PM-localized proton pumps (PM H apoplast (1) . Our data suggest apoplast acidification is also important for root cell elongation in A. thaliana. To investigate the role of auxin in controlling apoplast acidification, and thereby root cell expansion, we used the auxin response reporter lines DR5v2:n3GFP and R2D2. DR5v2:n3GFP expresses a GFP reporter with a nuclear localization signal under a synthetic auxin inducible promoter (36) . R2D2 seedlings express a Venus-tagged auxin degradable reporter protein (DII:n3xVenus) under control of an RPS5A promoter along with an RFP-tagged undegradable protein (mDII:ntdTomato), allowing for the quantitative assessment of auxin responses (36) . In root epidermal cells, DR5v2: n3GFP expression is very low in the meristem, but gradually increases toward the elongation zone ( Fig. 2 A, C, and D) . DII-Venus signal intensity, normalized by the mDII signal, is strong in epidermal, meristematic root cells and gradually decreases toward the elongation zone (Fig. 2 B, C , and E). The increased DR5v2:n3GFP expression along with the decreased DII/mDII signal intensity ratio, both indicating increased auxin signaling, suggest an increase in auxin signaling in epidermal root cells at the onset of elongation (Fig. 2 A-E) . This raises the question of whether auxin could be involved in the apoplast acidification required for root cell expansion.
To test this hypothesis, we analyzed apoplastic pH as well as root epidermal cell length in mutants that are compromised in auxin content and signaling. Proteins from the GRETCHEN HAGEN 3 family are conjugating enzymes, of which some, including GH3.5 and GH3.6, conjugate auxin to amino acids (37) , and thus lower the levels of cellular free auxin. To transiently decrease free auxin levels, we induced GH3.6 expression in an estradiol-inducible (Fig. 3 A and B) . At that point, we did not observe a significant effect of GH3.6 expression on cell length. However, 19 h of GH3.6 expression significantly decreased the epidermal root cell size compared with control seedlings (Fig. 3C ). These data suggest decreased endogenous auxin levels give rise to a higher apoplastic pH and subsequent inhibition of cell elongation.
Next, we genetically interfered with the auxin signaling pathway. Transcriptional auxin responses are known to be mediated by the nuclear TIR/AFB auxin signaling pathway. Auxin binding to members of the TIR1/AFB F-box family receptors triggers the proteasomal degradation of AUX/IAA repressors. This degradation causes the subsequent release of AUXIN RESPONSE FACTOR (ARF) transcription factors, which then execute auxin responsive gene expression (38) (Fig. 3 D-F) . This suggests TIR/AFBdependent auxin signaling is required for normal apoplast acidification with a concomitant effect on root cell elongation.
We also aimed to test the effect of transiently compromised auxin signaling. bodenlos (bdl) is a mutant allele of IAA12 that produces a nondegradable form of the AUX/IAA repressor IAA12 (39) . Hence, induction of bdl expression inhibits auxin signaling (40) . We analyzed the apoplastic pH and root cell size of seedlings in which bdl expression was induced. On 6 h induction, bdl-expressing seedlings displayed a higher apoplastic pH compared with control seedlings containing an empty vector ( Fig. 3 G and H) . Similar to GH3.6 expression, we only observed an inhibitory effect on root cell elongation on 19 h of bdl induction (Fig. 3I) , again suggesting pH regulation precedes growth. Next, we assessed the apoplastic pH and cell length of seedlings defective in ARF10 and ARF16. ARFs are transcription factors that act in the nuclear auxin signaling pathway that activate the expression of auxin responsive genes in the presence of auxin (41) . ARF10 and ARF16 are readily expressed in root epidermal cells, and arf10 arf16 mutant roots are impaired in auxin responses (42) . Similar to the auxin receptor triple mutant, we observed a higher apoplastic pH and smaller cells in arf10arf16 mutant seedlings compared with WT ( Fig. 3 J-L) . Finally, we induced the expression of the auxin responsive gene SMALL AUXIN UP RNA 19 (SAUR19) fused to a GREEN FLUORESCENT PROTEIN (GFP) in an estradiol-inducible GFP-SAUR19 line. SAUR19 was shown to acidify the apoplast through PM H + -ATPase activation (12) . Moreover, GFP-SAUR19 overexpression increases the size of hypocotyls in A. thaliana, as well as in tomato (43, 44) . Because of the emission of the GFP fluorophore, which overlaps with the HPTS spectrum, we were not able to directly confirm the GFP-SAUR19 effect on the root apoplastic pH. However, we observed longer epidermal root cells in the GFP-SAUR19-induced line compared with estradiol-treated control seedlings (expressing an empty vector) (Fig. S3C) . These data show that the ectopic expression of the auxin response gene GFP-SAUR19 is sufficient to trigger epidermal cell elongation in A. thaliana roots. Notably, it has been shown that the stabilizing effect of the GFP tag is required for the GFP-SAUR19-dependent phenotypes (43) . It has to be seen whether the ectopic overexpression of an untagged SAUR19 is able to trigger cell expansion in A. thaliana roots.
Our data suggest auxin signaling is important for apoplast acidification and cell elongation in A. thaliana roots. This implies endogenous auxin levels could trigger apoplast acidification, and thus stimulate cell expansion in the distal meristematic root epidermal cells (Fig. S4) . Exogenous Auxin Causes a Biphasic pH Response in the Apoplast. Our data suggest low endogenous auxin levels in the root meristem and elongation zone are required for apoplast acidification and subsequent root cell elongation. This is quite surprising, however, as increased auxin levels are assumed to inhibit root cell elongation, rather than stimulate it (8) . A possible explanation could come from the fact that auxin is also known to affect growth in a concentrationdependent manner, stimulating or repressing tissue expansion in low or high concentrations, respectively, depending on the tissue in question (6, 7) . Because high auxin concentrations are known to inhibit root tissue expansion (8), we aimed to address how inhibitory levels of auxin affect root apoplastic pH and cell expansion. For this, we transferred seedlings to growth medium supplemented with 250 nM IAA. In contrast to our observations in untreated roots, and in agreement with previous reports, we observed a rapid auxin-induced alkalization of the apoplast (Fig. 4 A and B (20,  45) . Notably, this alkalizing effect of auxin was transient. After 2 h of auxin treatment, the apoplastic pH returned to levels comparable to mock-treated seedlings (Fig. 4 A and B) . Moreover, prolonged auxin treatments of up to 8 h decreased the apoplastic pH relative to mock-treated seedlings (Fig. 4 A and   B) . We conclude that the application of high auxin concentrations affects apoplastic pH in a biphasic manner. Accordingly, the contradictions in the current literature may be explained by the varying experimental conditions of previous studies, such as times. Importantly, the auxin-induced inhibition of cell expansion occurs after the alkalization phase (2 h) and precedes the later apoplast acidification (Fig. 4C) .
To test whether this behavior is also observable using endogenous elevation of auxin levels, we induced the expression of the auxin biosynthesis gene YUCCA6. Similar to exogenous auxin treatment, YUCCA6 induction initially resulted in increased apoplastic pH, whereas long-term YUCCA6 induction of 19 h gave rise to a lower apoplastic pH compared with control seedlings expressing an empty vector (Fig. S5 A and B) . Accordingly, induction of auxin biosynthesis also inhibited epidermal root cell elongation (Fig. S5C) . Overall, these data show that external auxin application in an inhibitory concentration range, as well as increased endogenous auxin levels, gives rise to a biphasic apoplastic pH response resulting in the inhibition of root cell expansion. Accordingly, we conclude that the initial apoplast alkalization could be the causal factor for repressing cellular elongation. . Statistical significance was tested using a one-way ANOVA test with a Tukey-Kramer post hoc test (different letters depict statistically significant differences; P < 0.05) (B) or a two-way ANOVA test with Bonferroni posttests (treatment factor P values: *P < 0.05, **P < 0.01, ***P < 0.001) (C, E, and F). (Scale bars: 10 μm.)
FERONIA Impairs Auxin-Dependent Apoplast Alkalization and Cellular Elongation. To further assess the importance of auxin-mediated cell wall alkalization for cellular expansion, we wanted to study the effects of suppressed cell wall alkalization. Apoplast alkalization has been previously reported to be mediated by the PM-localized receptor-like kinase FERONIA on the binding of its ligand rapid alkalization factor 1 (RALF1) (46) . RALF-FERONIA binding triggers the phosphorylation of the PM-localized proton pumps, thereby inhibiting their proton transport capacity and resulting in apoplast alkalization (46) . To test whether auxin-triggered apoplast alkalization is affected by FERONIA, we tested the effect of auxin on apoplastic pH and cell size in the fer-4 loss-of-function mutant. Indeed, fer-4 mutant seedlings displayed a substantial resistance to the apoplast alkalization, as well as an eventual inhibition of cell expansion triggered by 250 nM IAA (Fig. 4 D-F) . This suggests that a significant portion of the auxin-triggered apoplast alkalization requires FERONIA. Moreover, this experiment demonstrated that auxin-induced apoplast alkalization is important for the inhibition of root cell expansion.
Auxin Induces Transient Apoplastic Alkalization for Gravitropic Root
Growth. Root gravitropism, the process in which root growth is aligned with the field of gravity, is one of the most prominent processes in which auxin-dependent growth responses immediately affect cellular elongation in the root. On gravistimulation, an auxin-signaling maximum is formed at the lower side of the root, resulting in local inhibition of tissue expansion and, as a consequence, root bending (47) . To assess the biological relevance of our findings, we tested the effect of gravistimulation on apoplastic pH and its requirement for gravitropic root response.
In agreement with previous reports (19, 48) , 45 min root gravistimulation resulted in an increased apoplastic pH at the lower side of the root (Fig. 5 A-C) , which corresponds to the site of auxin accumulation (49) (Fig. S4) .
To address whether auxin-induced apoplast alkalization plays a role in this physiological process, we tested the effect of gravistimulation on apoplastic pH in the fer-4 mutant. Compared with WT seedlings, fer-4 mutants display a reduced increase in apoplastic pH at the lower side of the root on gravistimulation (Fig. 5  D-F) . In agreement with this compromised cellular response, fer-4 seedling's root growth was less aligned with the gravity vector, displaying a lower gravitropic index (50) compared with WT seedlings (Fig. 5G) . Moreover, 6 h of gravistimulation revealed a reduced gravitropic response in fer-4 mutants compared with WT seedlings (Fig. 5H) . In addition, we tested another feronia loss-offunction allele, fer-2, for its responsiveness to a gravitropic stimulus. Similar to fer-4 seedlings, fer-2 seedlings displayed a reduced gravitropic response compared with WT seedlings on 6 h of gravistimulation (Fig. S6A) . Importantly, the overall root growth rate is not impaired in fer-4 or fer-2 ( Fig. 5I and Fig. S6B ), suggesting a specific delay in asymmetric growth responses.
These data strongly suggest that auxin-triggered transient apoplast alkalization and the consequent repression of cellular expansion are required during the initial stages of the gravitropic response (Fig. S4) .
Discussion
Plant cells are surrounded by a rigid cell wall, which needs to undergo loosening to allow cellular expansion. The long-standing acid growth theory postulates that the plant hormone auxin activates PM-localized proton pumps, decreasing the pH of the intercellular space. This apoplast acidification activates cell wallloosening enzymes, enabling cell expansion (2) (3) (4) . Subsequent studies confirmed the acid growth theory in shoot tissues of numerous species including Avena coleoptiles, pea stem, and maize coleoptiles, as well as Arabidopsis thaliana hypocotyls (2, 9-13). In roots, however, the acid growth theory has been intensely debated during the last decades. On one hand, previous studies demonstrated the stimulating effect of apoplast acidification on root elongation, as well as the requirement for functional PM proton pumps for root growth (14) (15) (16) . In addition, low auxin concentrations are described to have a positive effect on root growth (6, 7) . However, the root growth-promoting effect of low auxin concentrations remains controversial, as only a few laboratories were able to observe this presumably conditiondependent phenomenon. On the other hand, opponents raise the argument that auxin in higher concentrations inhibits, rather than stimulates, root cell expansion, as well as overall root growth (8, 17, 51) . Moreover, although exogenous auxin application triggers apoplast acidification in shoots, it was proposed to trigger the opposite in roots (18) (19) (20) . Interestingly, a recent study on B. distachion roots provides arguments both for and against the acid growth theory (21) . Altogether, the contradictory conclusions obtained from previous studies point to a highly complex regulation of apoplastic pH homeostasis in roots. Moreover, the overall role of auxin in this physiological process is currently only poorly understood. A possible reason for this partially contradictory information may be the limited number of molecular tools available to tackle this biological question. Apoplastic pH has been previously investigated using pH-sensitive fluorescent dye combinations (48, (52) (53) (54) (55) , as well as by the transgenic expression of pH-sensitive fluorescent proteins facing the apoplast (20) . Even though these approaches substantially increased our physiological insight into apoplastic pH homeostasis, they still face technical limitations in easily assessing apoplastic pH at a cellular resolution and/or assessing a large number of genotypes.
Here we present HPTS as a versatile pH indicator enabling apoplastic pH assessment at a cellular resolution. We show, via pharmacologic and genetic modulation of PM-localized proton pump activity, that HPTS reliably reports on subtle changes in apoplastic pH. In A. thaliana roots, we observed a decrease in apoplastic pH around expanding cells. Moreover, we show that media-driven acidification of the apoplast triggered root cell expansion, whereas alkalization prevented it. These data suggest that root cell expansion in A. thaliana is driven by apoplast acidification. Interestingly, recent literature reports a negative effect of apoplast acidification on cell expansion in Brachipodium roots (21) . The reason for these opposing observations may be a result of the different duration of pharmacological treatments. In our study, we decided to assess the short-term effects of apoplast acidification on cell expansion to avoid secondary effects, which may complicate the interpretation of the experimental outcome. Previous literature demonstrates that the stimulating effect of apoplast acidification on cell expansion is transient (56, 57) . In addition, long-term acidity is known to affect nutrient availability and is correlated with a large energy cost to maintain the cellular influx of necessary cations (58) (59) (60) . On root gravistimulation, we demonstrate the biological relevance of a short/transient asymmetrical apoplast alkalization, which enables differential tissue growth, and ultimately, root bending.
Using HTPS, we show that apoplast acidification is important for root cell expansion and requires nuclear auxin signaling. Consistent with our data, a recent study on A. thaliana hypocotyls reported that auxin-induced hypocotyl growth correlates with local apoplast acidification and requires nuclear auxin signaling (13) . Moreover, another study reported a correlation between reduced auxin influx and altered PM H + -ATPase phosphorylation status, resulting in reduced proton protrusion capacity and impaired root growth (61) . These recently published findings support our data in suggesting that endogenous auxin levels may be required for apoplastic pH homeostasis, which is important for sustainable cell elongation during root growth (Fig. S4 ). In addition, we demonstrate that growth inhibitory concentrations of auxin trigger fast transient root apoplast alkalization and subsequent acidification. Our data suggest that the initial auxin-triggered apoplast alkalization is causal for the inhibition of root cell expansion (Fig. S4) . It remains to be seen whether the effect of inhibitory auxin concentrations on the root apoplastic pH is indeed the result of altered PM H+-ATPase activity or whether other molecular components also contribute to the observed dynamics.
To address the biological relevance of high auxin concentrations, we assessed the apoplastic pH on root gravitropism. During root gravistimulation, auxin is known to accumulate at the inner (lower) side of the root (62) . We show an asymmetric apoplast alkalization at the inner side of gravistimulated roots, which presumably inhibits cell elongation and enables root bending (Fig. S4) .
It has been previously shown that auxin-triggered apoplast acidification in hypocotyls is mediated by the rapid up-regulation of SAUR19 expression, resulting in the activation of PM H + -ATPases (12). On GFP-SAUR19 induction, we also observed increased epidermal root cell elongation. Notably, no molecular players have been attributed to auxin-triggered apoplast alkalization so far. Here we show that auxin-triggered apoplast alkalization requires the PM-localized receptor-like kinase FERONIA. FERONIA was identified as an important mediator during pollen tube reception, as well as sperm cell release (63) (64) (65) . Later studies reported that FERONIA, on binding to its ligand RALF, triggers phosphorylation of Ser 899 of the PM H + -ATPase AHA2 (46) . This phosphorylation inhibits the proton secretion capacity of the proton pump, resulting in alkalization of the apoplast (46) . Intriguingly, auxin-induced root hair elongation is abolished in the absence of FERONIA (66) .
We demonstrate the requirement of FERONIA for auxin-triggered apoplast alkalization on exogenous auxin treatment, as well as during root gravistimulation. Moreover, fer-4 loss-of-function mutants displayed a delayed response to gravitropic stimulus compared with WT seedlings. Altogether, our data suggest a role for auxin-triggered apoplast alkalization in root gravitropic response. Intriguingly, it has been previously described that the RALFs, which are ligands of FERONIA, are involved in cell wall integrity maintenance. In particular, RALF4 seems coregulated with pectin-modifying enzymes (67) , such as pectin methyl esterases (PMEs). PMEs play a role in cell wall modifications that are associated with growth transitions (68, 69) and display an alkaline pH optimum. A notable adverse effect of their enzymatic activity is cell wall acidification, which in turn inhibits PME activity. It needs to be seen whether auxin-triggered apoplast alkalization, for example during gravitropism, activates PMEs. The PME activity would subsequently lead to cell wall acidification, resulting in a PME inhibitory effect that keeps the cell wall modification process transient. Such a process would result in the local inhibition of root cell elongation, enabling efficient gravitropic response without overbending of the root.
Conclusion
In this work, we have introduced HPTS as a suitable dye for assessing apoplastic pH at a cellular resolution. Our data, obtained by HPTS-based analysis, suggest nuclear auxin signaling is required for apoplast acidification important for root cell expansion. In addition, we show that high auxin levels transiently trigger root apoplastic alkalization. Finally, we show that auxintriggered apoplast alkalization requires FERONIA, which is important for the root gravitropic response.
Altogether, our data suggest a model in which auxin plays a complex, concentration-dependent role in apoplastic pH homeostasis during A. thaliana growth and development. This hypothesis is in line with previous literature reporting that low auxin concentrations stimulate, whereas high auxin concentrations inhibit, root growth (6) (7) (8) . This view may clarify previously published contradictory results, which either supported or opposed the acid growth theory in the root. In summary, our work provides a versatile tool as well as mechanistic insight into apoplastic pH regulated root growth.
Materials and Methods
We used A. thaliana of the ecotype Colombia 0. Seeds were sterilized with 70% ethanol and stratified at 4°C for 2 d in the dark on in vitro growth plates. Seedlings were grown vertically on half Murashige and Skoog medium [per liter: 2.16 g MS salts (Duchefa), 4.7 mM Mes, 0.8% plant agar]. Plants were grown under long-day (16 h light/8 h dark) conditions at 21°C/ 18°C. The following lines have been previously described: ost2-2 (32), DIIVenus (70), tir1-1/afb2-1/afb3-1 (49), arf10-2/arf16-2 (42), feronia-4 (66), feronia-2 (71). pER8 and pER8:YUC6 (72), pER10:bdl (40), pER8:GFP:SAUR19 (12) , and R2D2 and DR5v2::n3GFP (36) . The raw data files of the presented experiments have been uploaded to the public database datadryad.org (doi: 10.5061/dryad.sq7s3).
More detail can be found in SI Materials and Methods.
